The phytochemical investigation of eight Jungermaniales liverwort species: Bazzania decrescens, B. madagassa (Lepidoziaceae), Plagiochila barteri, P. terebrans (Plagiochilaceae), Isotachis aubertii (Isotachidaceae), Mastigophora diclados (Lepicoleaceae), Radula appressa (Radulaceae), and Thysananthus spathulistipus (Lejeuneaceae), collected from Madagascar, has been carried out to afford new and structurally interesting terpenoids and aromatic compounds. The biological activities of the isolated secondary metabolites were determined and the herbertene-type sesquiterpenoids were shown to have antibacterial activity. A new ent-clerodane diterpene from Thysananthus spathulistipus and bis-bibenzyls-type aromatic compounds exhibited strong inhibition of NO production in RAW 264.7 cells, while marchantin C produced moderate α-glucosidase inhibition. The chemosystematics of the studied species are discussed.
Liverworts (about 8000 species recognized) are the second largest group of bryophytes after Musci. They are considered to be the oldest terrestrial plants, although no strong scientific evidence for this has appeared in the literature. This hypothesis was mainly based on the resemblance of the present-day liverworts to the first land plant fossils, the spores of which date back almost 500 million years [1] . The presence of oil bodies in liverworts differentiates them from green algae and other land plants. Oil bodies are peculiar, membrane-bound cell organelles that consist of ethereal terpenoid oils suspended in a carbohydrate-or protein-rich matrix [2] . Although the morphological classification of liverworts is difficult, because of their small gametophytes, it has been demonstrated that the lipophilic terpenoids and aromatic metabolites in their oil bodies can assist in their taxonomic differentiation [3, 4] . Furthermore, the biological activity of liverworts is due to their terpenoid and aromatic constituents. Ever since the isolation of the bioactive compound polygodial in algae, liverworts, ferns, and higher plants, the constituents of liverworts have been proven to play important roles in host plant protection against predators and to show relationships with members of the plant kingdom [5] . The chemical constituents of hundreds of liverworts, mainly from the southern hemisphere, have been investigated. Several hundred new compounds have been isolated so far and they have been shown to have interesting biological activities from antibacterial to antiviral [3, 4] . Concerning the taxonomical distribution, the southern hemisphere has been recorded to have a high level of endemism. For instance, among the 140 genera and 1076 taxa (1029 species and 47 additional taxa of lower rank) in sub-Saharan Africa (including the islands), nine genera and 207 species or lower rank taxa are endemic [6] . However, less than one percent of the African liverworts have been studied either for their phytochemistry or pharmacology. The phytochemical of Malagasy liverworts is one of the topics being systematically investigated in our laboratory. The project began with the investigation of samples collected from Moramanga in the eastern part of Malagasy. 
Suborder Lepidoziineae: Family Lepidoziaceae
Bazzania decrescens: Bazzania species are leafy liverworts, often found either at the base of trees or on rotten logs. GC/MS analysis of the ether extract of B. decrescens showed the presence of α-barbatene (1.7%), cuparene (6%), and bazzanene (41.6%). A combination of Sephadex LH-20, silica gel and preparative HPLC column chromatography of the remaining extract yielded isobicyclogermacrenal [7] , drimenol and a mixture of drimenyl cis-and trans-caffeate [8] , which converted to the trans form on standing at room temperature overnight, 2-methoxy-5-hydroxycupare (HM-1) [9] , and friedelin, together with a new cuparane-type sesquiterpenoid, 2-hydroxy-4-methoxy-cuparene (1) [10] . Many studies have been reported on Bazzania species from Japan, Taiwan, Europe, and South America. The isolated chemical constituents classify Bazzania decrescens in the albicanyl (drimenyl)-caffeate-cuparene chemotype of Bazzania. B. decrescens metabolites are very similar to those of B. japonica [11] , although the latter contains albicanol and albicanyl caffeate instead of drimenol and drimenyl caffeate. The only difference between the two species is the presence of cyclomyltaylane-type sesquiterpenoids in B. japonica.
Bazzania madagassa: GC/MS analysis of the ether extract of B.
madagassa revealed β-barbatene (5.8%), isobazzanene (9.2%), chamigrene (6.8%), δ-cuparene (16.2%), and acora-3,5-diene (1.3%). Combinations of column chromatography on Sephadex LH-20, silica gel, and ODS RP-18 of the remaining extract yielded a new cyclomyltaylanetype sesquiterpenoid (2) , and a new acoradienol (3). The structure of compound 2 was established to be 1R,5R-diacetoxy-cyclomyltaylane-10-one by interpretation of its 1-and 2-D NMR spectral data, together with an X-ray crystallographic analysis [12] . That the absolute configuration was the same as cyclomyltaylyl-10-ol (4) was substantiated by comparison of the CD spectrum of a monoketonederived product (2a) from 4 obtained by oxidation with pyridinium chlorochromate (PCC) [11] .
Compound 3 was determined to be 1S*,4S*,5S*, acora-8(15), 9-dien-7R*-ol by comparison of its physical and spectroscopic data with those of shizuka-acoradienol (3a), previously isolated from the higher plant Chloranthus japonicus [13] . Although 3 and 3a have the same CD spectral data, no conclusion could be drawn about the similarity of their absolute configuration [12] . With the aim to isolate more new compounds, to get larger amounts of known compounds in order to determine their absolute configurations, and to get more information about the cyclomyltanoid contents of Bazzania species, a new sample of B. madagassa, (2004LIV5) collected in Moramanga/Andasibe, Madagascar has been investigated.
The total ion chromatogram obtained from the GC/MS of the diethyl ether extract was very similar to that of the previous sample (2003LIV5), except for the presence of a few peaks that could not be identified using our GC/MS library. Differences were observed in the amount of the constituents detected in the present and former specimens: β-barbatene (0.6/ 5.8%), isobazzanene (1.7/ 9.2%), β-chamigrene (3.1/ 6.8%), δ-cuparene (7.5/16.2%), and acora-3,5 diene (4.4/ 1.2%). A combination of size exclusion and silica gel column chromatography of the diethyl ether extract was performed to afford eight compounds, including 2, (+)-globulol, ent-4β, 10α-dihydroxy-aromadendrane, and five new compounds (5-9) identified as 5R-acetoxy-1R-hydroxycyclomyltaylan-10-one (5), 1R,5R-dihydroxycyclomyltaylan-10-one (6), 5,10-diacetoxycyclomyltaylan-9-ol (7), 5,10,13-triacetoxycyclomyltaylan-9-ol (8), and 5,9,13-triacetoxycyclomyltaylan-10-ol (9) . The NMR and CD spectral data and the optical rotation of 2 were identical to the compound isolated from the previous sample. The absolute configurations of compounds 5 and 6 were deduced to be the same as 2 by comparison of their CD spectral data, while those of compounds 7-9 were assumed to be the same as 5 and 6, since they were isolated from the same liverwort. The low quantity of isolated samples did not allow us to carry out further investigations. The six cyclomyltaylanoids isolated (2, 5-9) were tested in culture media for the inhibition of NO production in RAW 264.7 cells in response to lipopolysaccharide (LPS). However, none of the six compounds showed any positive effect at 60 μM.
B. madagassa is a species morphologically close to B. decrescens. However, neither myltaylanes nor cylcomyltaylane have been detected in B. decrescens, even by GC/MS. This confirms that liverwort secondary metabolites can assist in the differentiation of the two species. Myltaylanes and cyclomyltaylanes are very rare sesquiterpenoids found only in liverworts from the genera Mylia, Bazzania, Reboulia, and Mannia. It has been suggested that they are biosynthetically derived from β-chamigrene, followed by migration of the C-3 methyl group to the vicinal C-4 [10] . Interestingly, all of the genera Mylia, Bazzania, Reboulia, and Mannia contain chamigrene.
The biosynthetic pathway of myltaylanes and cyclomyltaylanes in the species of these genera is thus suggested to be the same. Taking into account the presence of chamigrene in B. madagassa as a precursor, the biosynthesis of its cyclomyltaylanes is suggested ( Figure 1 ). Neither cuparene-nor thujopsane-related compounds have been detected in Mylia species, which contain aromadendrane, bicyclogermacrane, and secoaromadendrane-type sesquiterpenoids. These compounds determine the major differences between the four genera. Bazzania madagassa, B. japonica, and B. tridens produce cyclomyltaylanoids, while myltayl-4(12)-en-5-ol (10) was only detected in B. trilobata [14] . The latter is quite different from the other species since it also furnishes lignans and chlorinated bisbibenzyls [15, 16] . [17] . The two Madagascar species, Plagiochila barteri and P. terebrans, furnished entspathulenol, 1(10),14-halimadien-13ξ-ol, trifarienol B (11), and marchantins C and H (14, 17) [18] . The presence of marchantins in the genus is not common, although the occurrence of bibenzyls and bisbibenzyls as isoplagiochins in Plagiochila species has been reported. Marchantins C and H have only been isolated previously from P. sciophila (=P. acanthopylla subsp. japonica) [19] . The Malagasy P. barteri is thus the second species of Plagiochila that has been shown to contain marchantin type bisbibenzyls. Furthermore, the halimane diterpene usually found in Jungermannia species [20] was isolated from Plagiochila sp. for the first time, and the relationship is confirmed between the two genera, both members of the Jungermanniales order (suborder: Jungermaniineae). Once more, from our results, liverwort chemical constituents suggest the relationship between two species belonging to the same suborder. Trifarienol B (11), a member of a unique sesquiterpene family, had only been isolated from the Malaysian liverwort Cheilolejeunia trifaria, belonging to the family Lejeuneaceae (subfamily Lejeuneoidieae). Plagiochila terebrans is the second liverwort found to contain compound 11. Its biosynthesis in Plagiochila species is probably the same as that reported by Tazaki and co-workers [21] , which was similar to those proposed by Asakawa, since the genus is known to contain pinguisane sesquiterpenes [3] . Marchantins C and H, 1(10),14-halimadien-13ξ-ol, trifarienol A, and trifarienol B were tested for α-glucosidase inhibitory activity. Among them, only marchantin C showed moderate activity (52.2% inhibition Table 1 . Marchantin A (12) showed the strongest inhibition (IC 50 : 1.44 μM), while introduction of a hydroxyl group at C-12 (in the case of 13) reduced the activity. Our results indicate that the presence of 1-2' and 14-10' diaryl ether bonds are important for strong inhibition. Phenolic hydroxyl groups also play important roles in the activity. However, in the case of phenolic hydroxyls in the molecules containing one or two biphenyl bonds (isoplagiochin, plagiochin and riccardin-type), the activity level appears to depend on stable conformations of these molecules.
Compounds with 7,8-unsaturation dramatically decreased the inhibition of NO, while introduction of a hydroxyl group at C-7' resulted in slightly decreased activity. The presence of a hydroxyl group at the C-13' position, a 14-12' biphenyl bond, and a methoxyl group at the 11 or 1' position led to a high value for NO production inhibition. To provide information on the possible mechanisms for inhibition of NO production by bis(bibenzyls), compound 12, the strongest NO inhibitor among the compounds screened, was examined concerning the relationship to iNOS mRNA expression, along with LPS-induced RAW 264.7 cells. iNOS protein increased when the cells were treated with LPS for 24 h. However, dose dependent inhibition of the iNOS protein level was observed when the cells were treated with both LPS and 12 at different concentrations (20, 10 and 0.1μM) for 24 h. [24] , stigmasterol, and hexadecanoic acid. Chemotaxonomic investigations of Isotachis species show that they can be classified into two types: those that contain isotachins, suggested as being chemically the more primitive species (type I), and those that contain sesquiterpenoids (type II). Both types produce the chemical markers of the genus, benzoates and cinnamates. No terpenoids have been detected in I. japonica, even by GC/MS analysis, while I. humectata and I. divergens, collected in South America, and I. lyallii from New Zealand produce mono-and/or sesquiterpenoids. The Malagasy I. aubertii seems to be a link between the two groups since it contains not only isotachin B, but also sesquiterpenoids. In modern classification, Isotachis has been included in the Balantiopsidaceae [25] . Interestingly, the chemical constituents of I. aubertii found in the present study are very similar to those of Balantiopsis rosea (Balantiopsidaceae), which also contains isotachins A-C (31, 33, and 34) and sesquiterpenoids, together with cinnamates and benzoates. Asakawa has suggested, in his latest review, that both genera are very close and might share a common ancestor. [4] . The presence of isotachins in Isotachis species is responsible for their strong seaweed-mossy scent. The Isotachis constituents, phenethyl benzoate, phenethyl cis-cinnamate, phenethyl trans-cinnamate, and isotachin B, which were recently isolated from Balantiopsis cancellata from Chile, were tested for antifeedant activity toward Spodoptera littoralis and for growth inhibition of the phytopathogen Cladosporium herbarum. The results showed that the antifeedant and antifungal activities were concentrated mainly in isotachin B (31) [26] .
Family Lepicoleaceae: Subf. Mastigophoroideae Mastigophora diclados: The members of the genus Mastigophora are very close to Herbertus (family Herbertaceae) species, since all produce herbertenetype sesquiterpenoids as major constituents. GC/MS examination of the dried M. diclados ether extract showed the presence of herbertene (17%), 1-octen-3-ol (2.13%), and 1-octen-3-yl acetate (1.87%). Silica gel and Sephadex LH-20 column chromatography, preparative HPLC and TLC yielded α-and β-herbertenols (35, 36) [27, 28] , herbertene 1,2-diol (37), sandaracopimaric acid, ent-pimara-8 (14) ,15-dien-19-oic acid [29, 30] , mastigophorene C and D (38, 39) [3, 31] , riccardin C (26) [32] , α-formylherbertenol (40) [26] , stigmasterol, a mixture of two cycloartenyl esters (41) , and the new compound mastigophoric acid methyl ester (42) [33] . (−)-1,2-Dihydroxyherberten-12-al (43) and methyl 1,2-dihydroxyherberten-12-oate (44) were both isolated from Herbertus aduncus, but not from Mastigophora diclados [34] . It is noteworthy that α-formylherbertenol has been found in Herbertus [3] , but its acid derivative (42) has been isolated only from the genus Mastigophora. This suggested that the difference between the two genera was in their levels of oxidation enzymes during biosynthesis. However, further experiments are needed to confirm this hypothesis.
Riccardin C (26), having a similar structure to 2,12-chloroisoplagiochin D (45, previously isolated from the Japanese M. diclados) [35] , was isolated for the first time from M. diclados. The ent-trachylobanes (46, 47, and 48) biogenetically originating from pimarane diterpenoids have been detected only in the west Malaysian sample. The results of the chemosystematic investigation of M. diclados could be concluded as follows. Four chemotypes were isolated (mastigophorenes, two types of bisbibenzyl: riccardin-type and isoplagiochin-type, and pimarane/trachylobane). All of chemotypes could be detected in the Malagasy species since riccardin C, sandaracopimaric acid and mastigophorenes were isolated. (40), and (−)-β-bromoherbertenol (49) displayed strong growth-inhibitory activity against two plant pathogenic fungi (Botrytis cinerea and Rhizoctonia solani) [27] . In order to complete the antimicrobial data of herbertenoids, compounds 35−40 and (−)-1,2-dihydroxyherberten-12-al (43) were tested against a Staphyloccocus aureus strain using the agar diffusion method. Mastigophorene C (38) , which is a dimer of herbertene-2,3-diol (37), showed the strongest inhibition (17 mm), while its monomer displayed significant activity (13 mm). α-and β-Herbertenol, and α-formylherbertenol showed almost the same level of inhibition (15, 16 and 16 mm, respectively) against the S. aureus strain [33] . The inhibition of NO production of LPS stimulated RAW 264.7 cells by seven herbertenoids (35−40, 50: 1,2-diacetoxyherbertene) was evaluated. Although all the tested compounds displayed activity, compounds 50 and 37 (IC 50 7.01 μM and 8.03 μM, respectively) showed inhibitions even stronger than that of (L-N 6 -1-Iminoethyl)lysine, which was used as the control (IC 50 : 18.6 μM). The strong inhibition is suggested to be due to the antioxidant properties of herbertenoids [36] .
Suborder Radulineae: Family Radulaceae
Radula appressa: Among the members of Jungermanniales, the genus Radula is quite isolated. It exhibits some unique morphological features, including a yellow pigment, and often presents only a single oil-body in the cell [37] . The phytochemistry of Radula species has been extensively investigated, and they are well known for their high prenylated bibenzyl contents and rearranged cannabinoids [38, 39] . The species collected in Madagascar, R. appressa, produced the known compounds:
(54), 6-hydroxy-4-(2-phenylethyl) benzofuran (55), and o-cannabicyclol (56). All of the isolated compounds inhibited nitric oxide (NO) production in lipopolysaccharide (LPS)-stimulated RAW 264.7 cells and the greatest inhibition was attributed to compound 53, with an IC 50 value of 4.5 μM. The strong inhibition of the prenylated bisbibenzyls and bibenzyl-cannabinoids (51−56) was suggested to be due to their antioxidant properties [40] . [41] . In the literature, however, the NMR spectroscopic data of 57 have not been fully reported and the absolute configuration was not determined. To complete the data, we reported the 1 H-and 13 C-NMR spectroscopic characteristics and deduced the absolute configuration to be enantiomeric to that of the previously isolated compound, as corroborated by the positive value of its optical rotation ([α] 20 D +32 o ). The structure of 58 was elucidated by interpretation of its physical and spectral characteristics, including 1-and 2D NMR and CD spectral data [40] . Compounds 57 and 58 inhibited nitric oxide (NO) production in LPS-stimulated RAW 264.7 cells, with IC 50 values of 20.1 μM and 11.6 μM, respectively.
Suborder Jubulineae: Family Lejeuneaceae
The members of the family Jungermanniaceae, particularly in the subfamilies Lophozioideae and Jungermannioideae, are very rich in clerodane-type diterpenoids. The distribution of clerodane-type diterpenoids among Lejeuneaceae is, however, very rare. The only example of the isolation of ent-cleroda-13,14-dien-13ξ-ol [= (−)-kolavelool] has been reported for Macrolejeunea pallescens [42] . The presence of compounds enantiomeric to those found in higher plants in the liverworts has been reported [3] . The present findings also indicate that both clerodane (57 and 58) and ent-clerodane [(−)-kolavelool] could be found in the Lejeuneaceae family. Their roles in the producing organism are not yet known, although it is probable that they act in chemical defense against predators. 
